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Fig. LTolerance and growth of the mutant strain in presence of different

concentrations of butanol.
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Fig. 4. HPLC chromatograms of standard butanol (A) and fermented broth (B).
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Fig, 8 Profile of seale up of butanol production from jatrophs seed cake hydrolysate

— e S
{ 50 e 6,7 {
D 45 1 8.6 ‘é
j 2 43 |
) + 8.3 E
= 30 - |
=3, \ ¢ 8.2 4 |
Poon Sy .2 ] ‘ o :
w f - . & B ;
, 920 : f
LB | g A——d—pl |
" s 5 5 1, - ‘ i
& 15 Ff A - 454G a
E 10 ‘*‘*: - | % e 5,8
& 5y --i £ & - 1‘
= | I . N
B S R e T R 0 & §
) 20 40 80 8D 100 |
| incubation time (h)
;i ~g— Reasidual sugar —pe— Butanol —3— pH




US 9,260,731 B2

1

BUTANOL FERMENTATION USING ACID
PRETREATED BIOMASS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s the National Stage of PCT/IN2012/
000336 filed on Aug. 1, 2012, which claims priority under 35
U.S.C. §119 of Indian Application No. 2181/MUM/2011
filed on Aug. 1, 2011, the disclosures of which are incorpo-
rated by reference.

FIELD OF THE INVENTION

The present invention relates to a efficient process for the
production of high yield of butanol using a mutant strain of
Clostridium acetobutylicum ATCC 4259 from biomass with

enhanced butanol tolerance.

BACKGROUND OF THE INVENTION

Petroleum-derived fuels have served the mankind for ages.
However, the recent awakening to the realization of dismal
scenario of fossil fuel availability, perils of petroleum
resource exhaustion, and stringent environmental legislation
governing worldwide, has led to search for alternative energy
sources (Herreraetal., 2004; Lietal 2010). Therefore, several
alternative fuels are being investigated, which can either com-
pletely replace the petroleum derived fuels (gasoline and
diesel) or can be blended with petroleum fuels to certain
proportions, without requiring specially adopted engines in
vehicles.

Amongst the other alternative fuels, Butanol was found to
be of the best choice as 1t 15 superior replacement for gasoline,
meeting the societal needs. Biobutanol 1s unequivocally a
better Tuel replacement for gasoline and 1s preferred 1n other
industries for safety reasons. Being renewable, butanol helps
in curbing the now so-called notorious “carbon” and other
harmiul emissions 1n the form of hydrocarbons; particulate
matter; benzene, toluene, ethylbenzene, xylene (BTEX); and
other undesirable elements (Sharma et al., 2010).

Butanol or butyl alcohol (sometimes also called biobutanol
when produced biologically), 1s a primary alcohol with a 4
carbon structure and the molecular formula of C,H,,O. It 1s
primarily used as a solvent, as an intermediate in chemical
synthesis, and as a fuel. Today, there 1s a paramount interest in
producing fuels like butanol and ethanol using microorgan-
1sms by fermentation focusing on the environmental aspects
and renewable nature of this mode of production. Butanol 1s
a superior fuel and has more calornfic value than ethanol
(Qureshi and Blascher, 2000). Butanol has higher energy
content (110,000 Btu’s per gallon for butanol vs. 84,000 Btu
per gallon for ethanol). It 1s s1x times less “evaporative” than
cthanol and 13.5 times less evaporative than gasoline, can be
shipped through existing tuel pipelines where ethanol must
be transported via rail, barge or truck (Jones and ‘Woods,
1986).

Butanol 1s an important industrial solvent and potentially a
better Tuel extender than ethanol. Current butanol prices as a
chemical are at $3.75 per gallon, with a worldwide market of
3’70 million gallons per year. The market demand 1s expected
to increase dramatically 1f green butanol can be produced
economically from low cost biomass. In addition to 1ts usage
as Tuel, butanol can be used as a solvent for a wide variety of
chemical and textile processes, 1n organic synthesis and as a
chemical intermediate. It 1s also used as paint thinner and a
solvent 1n other coating applications where 1t 1s used as a
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relatively slow evaporating latent solvent in lacquers and
ambient-cured enamels. It finds other uses such as a compo-
nent of hydraulic and brake fluids (Mutschlechner et al,
2000)/It 1s also used as a base for perfumes, but on 1ts own has
a highly alcoholic aroma.

Since the 19350s, most butanol 1n the United States 1s pro-
duced commercially from fossil fuels. The most common
process starts with propene, which 1s run through an hydro-
formylation reaction to form butanal, which 1s then reduced
with hydrogen to butanol. Butanol 1s produced by fermenta-
tion, from corn, grass, leaves, agricultural waste and other
biomass.

Production of industrial butanol and acetone via fermenta-
tion, using Clostridium acetobutylicum, started i 1916.
Chime Wizemann, a student of Louis Pasteur, 1solated the
microbe that made acetone. Up until the 1920s, acetone was
the product sought, but for every pound of acetone fermented,
two pounds of butanol were formed. A growing automotive
paint industry turned the market around, and by 1927 butanol
was primary and acetone became the byproduct.

The production of butanol by fermentation declined from
the 1940s through the 1950s, mainly because the price of
petrochemicals dropped below that of starch and sugar sub-
strates such as corn and molasses. The labor intensive batch
fermentation system’s overhead combined with the low
yields contributed to the situation. Fermentation-derived
acetone and butanol production ceased 1n the late 1950s.

Acetone butanol ethanol (ABE) {fermentation by
Clostridium acetobutylicum 1s one of the oldest known indus-
trial fermentations. It was ranked second only to ethanol
fermentation by yeast 1n its scale of production, and 1s one of
the largest biotechnological processes ever known. The actual
fermentation, however, has been quite complicated and diifi-
cult to control. ABE fermentation has declined continuously
since the 1950s, and almost all butanol 1s now produced via
petrochemical routes. In a typical ABE fermentation, butyric,
propionic, lactic and acetic acids are first produced by C.
acetobutylicum, the culture pH drops and undergoes a meta-
bolic “buttertly” shift, and butanol, acetone, 1sopropanol and
ethanol are formed. In conventional ABE fermentations, the
butanol yield from glucose 1s low, typically around 15 percent
and rarely exceeding 235 percent.

The key problem associated with butanol production 1s
butanol toxicity/inhibition of the fermenting microorganism,
resulting 1n low butanol titer 1n the fermentation broth. (Ezeji
ct al, 2007). The production of butanol was limited by severe
product inlibition. Butanol at a concentration of 1% can
significantly inhibit cell growth and the fermentation process.
Consequently, butanol concentration 1n conventional ABE
fermentations 1s usually lower than 1.3 percent. Butanol is
highly toxic to biological systems at quite low concentrations
of 2% (Jones and Wood, 1986). This toxicity may be because
butanol localizes 1n the plasma membrane and disrupts a
number of physiological processes including membrane per-
meability, solute transport, and maintenance of proton motive
force, conformation and activity of intrinsic membrane pro-
teins. Efforts are being made to improve the butanol tolerance
level 1n different species of Clostridia with varying degree of
success (Evan and Wang, 1988). Recent interest in the pro-
duction of butanol has led to re-examination of ABE fermen-
tation, including strategies for reducing or eliminating
butanol toxicity to the culture.

In the past 20+ years, there have been numerous engineer-
ing attempts to improve butanol production in ABE fermen-
tation, mcluding cell recycling and cell immobilization to
increase cell density and reactor productivity and using
extractive fermentation to minimize product inhibition.
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Despite many etforts, the best results ever obtained for ABE
fermentations to date are still less. Optimizing the ABE fer-
mentation process has long been a goal of the industry.
Butanol 1s currently produced worldwide at over 1.4 billion
gal/year by chemical route. The market demand 1s expected to
increase dramatically 11 butanol can be produced economi-
cally from low-cost biomass. Therefore, development of pro-
cesses to produce biobutanol using renewable energy sources
such as lignocellulosic crops 1s gaining impetus (Qureshi et

al., 2010).

U.S. Pat. No. 4,521,516 provides a novel asporogenic
strain of C. acetobutylicum produced by growing a spore-
forming strain 1n a continuous culturing reactor. Culturing 1s
conducted at a dilution rate which prevents accumulation of
butanol and acetone in the medium. Culturing at this dilution
rate 1s continued until the asporogenic strain 1s obtained.

U.S. Pat. No. 5,192,673 provide a biologically pure asporo-
genic mutant of C. acetobutylicum 1s produced by growing
sporugenic C. acetobutylicum ATCC 4259 and treating the
parent strain with ethane methane sulfonate. The mutant
which has been designated C. acetobutylicum ATCC 55025 1s
usetul 1 an improved ABE fermentation process, and pro-
duces high concentrations of butanol and total solvents. How-
ever the fermentation herein includes three stage continous
fermentation hereby making the process expensive and time
consuming.

U.S. Pat. No. 6,358,717 provide a method of producing
high levels of butanol using a fermentation process that
employs a mutant strain of Clostridium beijerinckii. The
mutant 1s a hyperamylolytic strain that is able to produce high
titres of butanol 1n a glucose/starch rich medium. However
there 1s no claim on the solvent tolerance of the strain.

U.S. Pat. No. 4,757,010 and European patent application
EP 00111683 provides an improved strain of Clostridium for
increased tolerance to butanol. JP0O3058782 provides
Clostridium pasteurianum CA 101 stock (FERM P-10817) as
a mutant of genus Clostridium bacterium having analogresis-
tance to fermented intermediate of butanol and butanol pro-
ducibility. U.S. Pat. No. 4,539,293 demonstrates the use of
co-culture of microorganisms of the Clostridium genus, one
tavors the production of butyric acid and the other supports
the formation of butanol. Japanese patent application J P
63157989 provides production of butanol by culturing a dif-
terent strain Clostridium pasteurianum var. 1-53 (FERM
P-9074) 1n a liquid medium contaiming a carbon source, a
nitrogen source and other inorganic salts at 28-33 deg. C.
under slightly acidic pH condition 1n anaerobic state for 2-4
days.

U.S. Pat. No. 4,777,135 describes a method of producing
butanol by fermentation which comprises culturing under
anaerobic conditions a butanol-producing microorganisms in
a culture medium containing fluorocarbons. This process 1s
not feasible on a commercial scale as the fluorocarbons are
environmentally not safe

U.S. Pat. No. 4,605,620 provides a process for butanol by
using a medium containing carbohydrate and phosphate,
wherein the experiments were performed with a total phos-
phate content of 1.0-0.4 mmoles. This process poses a restric-
tion wherein the phosphate limiting medium 1s required.

U.S. Pat. No. 4,560,638 provides a process for the produc-
tion of butanol by fermentation of carbon containing com-
pounds with C. acetobutylicum wherein the fermentation 1s
conducted 1n an aqueous medium containing a suificient con-
centration of dissolved carbon monoxide. However the use of
carbon monoxide makes the process environmentally
unsound.
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U.S. Pat. No. 4,520,104 provides a process for the continu-
ous production of butanol by fermentation of carbohydrates
with C. acetobutylicum. This process combines continuous
inoculum production at a high dilution rate and cycling the
fermentation broth through material which adsorbs butanol
whereby a vigorous cell population 1s maintained 1n the fer-
mentation reactor for extended periods of time. The process 1s
devised to remove the butanol produced 1n the broth so as to
prevent 1ts toxicity on the cells

Japanese patent JP 62278989 provides a fermentation pro-
cess Tor the production of acetone and butanol, by keeping a
butanol-producing strain in resting state, adding a carbon
source to the cell to effect the production of acetone and
butanol 1n a short time, recovering and concentrating the
butanol-producing strain, subjecting to the heat shock and
adding to a fermentation tank Heat shock 1s required in the
process.—to activate the spores of Clostridium and 1s pretty
routine.

Japanese patent application provides an anaerobic cellu-
lolytic germ, e.g. Clostridium cellobioparum ATCC 15832 or
Ruminococcus albus AI'CC2721 1, and Clostridium saccha-
roperbutylacetonicum are moculated 1nto a culture medium
containing a material containing cellulose, e.g. wood, waste
paper or pulp, as a main carbon source, and cultivated at
25-45° C. and 4-9 pH under anaerobic conditions for about
2-20 days to collect the aimed compound, containing oxygen,
and consisting essentially of butanol from the resultant cul-
ture. This process 1s time consuming and takes about 20 days
for completion, hence not feasible on a large scale.

Japanese patent 63269988 discloses butanol fermentation
wherein yeast 1s subjected to autodigestion 1n a fermentation
tank and proliferated prior to the mmoculation of butanol-
producing strain. The space in the fermentation tank becomes
anaerobic and the temperature increases by the proliferation
ol yeast to perform butanol fermentation. An iefficient auto-
digestion would lead to contamination of the broth by the
yeast

US20050233031 provides a process for producing butanol
which includes treating plant derived material to provide an
aqueous liquor containing sugars 1n a fermentation process to
produce a fermentation product. The process involves several
steps and therefore cumbersome and tedious.

Japanese Patent JP 200535328801 provides a method for
producing butanol 1n which a culture solution 1s prepared by
using a formulation of the food residue with the Japanese
distilled spirit lees and water and butanol fermentation is
carried out 1n the culture solution. The use of Japanese dis-
tilled spirit 1s limited to the production experiments per-
formed 1n Japan.

French patent FR2550222 provides a two stage process
wherein a first stage of seeding with C. acetobutylicum and a
second stage of seeding with yeast which produces ethanol,
the second stage being commenced when the pH of the fer-
mentation medium of the first stage has reached a minimum
value. The invention applies 1n particular to the production of
butanol, acetone and ethanol from sugar beet and Jerusalem
artichoke juices.

Indian patent application 2544/MUM/2007 provides a pro-
cess for production of high yields of butanol by Clostridium
acetobutyvlicum ATCC 10132. The process can be completed
in a shorter span o time, using batch process through manipu-
lation of various process parameters. The process can also be
used for biomass based production of butanol. The process
requires commercial media whereas in the present invention
acid pretreated feedstock is utilised along with the mutant
strain of Clostridium acetobutylicum resulting 1n higher
yields of butanol with enhanced butanol tolerance.
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The commonly employed feedstocks as reported in the
literature for biobutanol synthesis are cormn (Zea mays),
banana stems (Musa sapientum), jatropha (Jatropha curcas),
and karanja (Porgamia pinnata) (Liang et al., 2010, Plromm
et al., 2010). However, the use of food crops like corn, sug-
arcane, etc. will lead to the food v/s fuel situation. In order to
avold this situation, 1t becomes imperative to explore the
potential non-edible feedstocks and their suitability for
biobutanol synthesis.

Among the many feedstocks available for biobutanol pro-
duction, jatropha and karanja have been found to be most
suitable due to their favourable attributes such as hardy
nature, short gestation time of about 3 years, productive life of

50-100 years, not browsed by animals, adaptability to varied
agro-climatic conditions and so1l type, drought resistance and
non competing with food crops for land and water sources.

The present invention provides the use of lignocellulosic
biomass like jatropha seed cake and pongamia seed cake
which 1s acid pretreated to disarray the cellulosic structure for
extracting maximum reducing sugar. The hydrolysed sugar
was used along with AnS medium components for biobutanol
production.

The present invention also provides the use of the cellulose
rich biomass 1.e. banana stems which 1s acid pretreated to that
release sugar which after hydrolysis produces biobutanol.

Although, there are reports where microbes have been
exploited for the production of butanol by fermentation, there
arises the need for an economically viable biosynthetic pro-
cess for butanol production yet to be developed (Jesse et al,
2002).

The drawback associated with butanol production 1s
butanol toxicity/inhibition of the fermenting microorganism,
resulting 1n low butanol titer 1n the fermentation broth. Eco-
nomic analysis has suggested that 11 butanol titers could be
raised from 12 to 19 g/L., the separation cost could be cut
down to half (Papoutsakis, 2008). Normally, the final titer of
butanol 1n fermentation does not surpass 13 g/L. because of
teedback inhibition (Jones and Wood, 1986). Beyond this
level, butanol 1s toxic to the bactenal cell and disrupts the
membrane fluidity and function (Volherbst-Schneck et al.,
1984).

In order to combat the effect of butanol toxicity, tolerant
strains over express certain heat shock proteins (HSPs) like
GroEL (Thomas et al., 2003, 2004) and alters 1ts lipid com-
position by having more saturated fatty acids. This response
known as ‘homeoviscous adaptation’, 1s believed to offset the
physical changes caused by the environment and permits the
cell to maintain 1ts membrane at proper viscosity and surface
ionic milieu for optimal cellular function (Baer et al., 1987).

According to the literature (Nishino and Yamagucha,
2004), rhodamine 6G 1s P-glycoproteins substrate, mediates
the energy-dependent efflux of certain toxic compounds from
the bacterial cells. The existence of solvent efflux pumps in
the cells can therefore be confirmed by rhodamine 6G accu-
mulation in bactenal cells (Lazaroaie, 2009). The inventors of
the present invention have used the above literature reference
for assaying the solvent tolerant mutant strain and the wild
type strain of C. acetobutvlicum used for production of
butanol.

Techniques such as gas stripping have been practiced to
overcome the inhibitory effect of butanol produced during
termentation run (Ezej et al., 2007). However, the process 1s
plagued with inconsistent results and high energy expendi-
ture. In the present invention, the mhibitory effect of butanol
was overcome by improving the butanol tolerance of the
microbe using chemical mutagenesis.
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To combat the drawbacks of earlier inventions as cited 1n
the prior art there arises the need for a process which yields
enhanced production of butanol. In light of this the present
invention has been focused on developing an ideal culture
condition for the mutant strain of Clostridium which will
result 1n enhanced butanol tolerance and subsequently the
increase 1n yields of butanol.

OBJECT OF THE INVENTION

It 1s the object of the present mnvention to provide an elli-
cient process for the production of high yield of butanol from
pretreated biomass using a solvent tolerant mutant of
Clostridium acetobutylicum.

It 1s the object of the present invention to provide optimal
fermentation conditions for enhanced production of butanol,
using Clostridium acetobutylicum mutant.

It 15 the object of the present invention to employ chemical
mutagenesis for improvisation of the strain for better butanol
tolerance and production.

It 1s the object of the present invention to provide a process
with optimal fermentation conditions, which will result 1n
increased butanol tolerance of the microorganism.

It 1s the object of the present invention to provide a culture
condition for high yields of butanol fermentation.

It 1s the object of the present invention to provide a process
for increased yields of butanol 1n a single batch fermentation
conditions.

It 1s the object of the present invention to provide a process
for biobutanol using various acid pretreated biomass.

It 1s the object of the present invention to provide a cost
elfective and industrially scalable process for butanol.

SUMMARY OF THE INVENTION

In the first embodiment the present invention relates to an
elficient process for the production of high yield of butanol
using a solvent tolerant mutant of Clostridium acetobutyli-
cum from biomass. The present invention in particular aims at
providing optimal culture conditions that would result in
increased butanol tolerance of the mutant strain of the micro-
organism. The present invention further aims at providing a
cost effective and industrially scalable process for the pro-
duction of butanol.

The. second embodiment relates to the production of high
yields of butanol (upto 19 g/L.) 1n a single batch process,
without stripping the butanol produced. Here 1n the process
doesn’t involve any fed-batch step which would involve extra
step of addition of nutrients nor any solvent-stripping 1s
required for reaching this high yield. Unlike many reported
processes 1n the public domain which employ continuous
mode of fermentation thereby increasing the chances of con-
tamination, the present invention includes a process that can
be completed 1n a single batch mode. Careful optimization of
the medium, acclimatisation and chemical mutagenesis for
improvisation has resulted 1n a mutant strain that 1s capable of
producing and tolerating such high vields of butanol in the
broth. Thus, all these parameters make the process of the
present mvention more cost-eflective. Further the imventors
have also been able to successtully demonstrate the process at
15 L scale.

The third embodiment of the present invention provides a
process for increased butanol tolerance by chemical
mutagenesis of the strain. In one preferred aspect the present
invention provides tolerance to about 3.5% butanol concen-
tration under optimized medium; conditions directed to a
process for providing the increased yield of butanol as pro-
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vided 1n this invention. The most probable reason for 1ts high
tolerance to butanol may be that the process optimization has

resulted 1n the final set of physio-chemical, conditions under
which the above mentioned limitations are alleviated. For
example the redox potential, osmolarity, electron flow may
have been altered under the optimized conditions. Certain set
of enzymes required for butanol tolerance and production
may have been activated or induced under the optimized
conditions. The culture may have adapted during the course
ol the optimization process to high butanol level.

Fourth embodiment covers the aspect of the present inven-
tion to provide a process for evaluation of the biobutanol
using various biomass. In one preferred aspect the seed cake
from jatropha and pongamia and banana stems were used.
The yield of biobutanol using the seed cake and stems pre-
treated using acid hydrolysis was also studied.

Lastembodiment relates to the present invention providing,
a process which can be scaled up on a large scale.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specifica-
tion and are included to further demonstrate certain aspects of
the present disclosure, the inventions of which can be better
understood by reference to one or more of these drawings in
combination with the detailed description of specific embodi-
ments presented herein.

FIG. 1. Tolerance and growth of the mutant strain, desig-
nated as B90, in presence of different concentrations of
butanol.

It was observed that the wild type strain C. acetobutyvlicum
ATCC 4259 could tolerate up to 1.5% butanol 1n the medium
beyond which there was cessation of growth whereas, the
mutant strain C. acetobutyvlicum MTCC 3587 (B90) could
tolerate up to 3.5% (v/v) butanol 1n the AT medium. The
growth at these levels of butanol was extremely slow and
teeble due to the toxicity of the solvent. At higher concentra-
tions 1.e. 3.8% and 4%, there was no growth.

FI1G. 2 Comparison of the fatty acid profile of wild type (A)
and mutant strain (B)

The total lipids of the wild type and the solvent tolerant
mutant strain were extracted and analysed by GC. The lipid
composition of the mutant, C. acetobutvlicum MTCC 5587
was found to be altered as compared to the wild type strain.
The GC profile (FIG. 2B) showed the presence of the satu-
rated fatty acids, viz. myristic (C14:0) and palmitic acid (C16:
0) comprising about 50% of total fatty acids 1n the solvent
tolerant strain with only traces of unsaturated fatty acids.
Whereas, 1n the wild type, the unsaturated fatty acid, oleic
acid (C18:1) was abundant constituting about 75% of total
fatty acids and the saturated fatty acids were in significantly
lower quantities (11% of C16:0) (FIG. 2A).

FIG. 3 Rhodamine G accumulation 1n wild type (A) and
solvent tolerant mutant of C acetobutylicum (B).

While studying it was seeing that atter 24 h incubation on
a plate containing the toxic dye Rhodamine 6G, the mutant
strain was found to have high accumulation of rhodamine 6G
intracellularly appearing as pink colony (FIG. 3). Whereas
the colony of the wild type strain was a faint pink with
comparatively lower dye accumulation. This indicates the
existence of tolerance mechanism to toxic compounds such

as butanol in the mutant strain.
FIG. 4 HPLC chromatograms of std butanol (A) and the

termented broth (B).

The process was further scaled up to 15 L level na 20 L
bioreactor using 7% (w/v) jatropha seed cake and 2% glu-
cose. A butanol titre of 18.6 g/I. was achieved in 72 h
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FIG. 5 Profile of scale up of butanol production from jat-
ropha seed cake hydrolysate.

The mitial sugar was 44 g/ and the final sugar was 4 g/L
(FI1G. 5). The typical butterfly shiit could be observed when
the acidogenic phase declined and solventogenic phase com-
menced.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

The term Butanol or biobutanol as used herein refers to
n-butanol.

The term butanol tolerance as used herein refers to the
ability of the bacterium to survive and grow 1n the presence of
2.5-3.5% butanol 1n the medium

The term Clostridium acetobutylicum refers to the bacteria
that has the ability to produce butanol along with acetone and
cthanol 1n a anaerobic fermentation

The term vyield as used herein refers to amount of butanol
produced in the fermentation broth 1n g/L.

The term mutant strain relates to C. acetobutylicum MTCC
5587. This mutant strain has been deposited in Microbial
Type Culture Collection, Chandigarh, India under the Budap-
est treaty and designated the number MTCC 5587,

One of the important factors that atfect both growth and
growth-associated production of molecules 1s pH, in the
present invention butanol production was examined at ditfer-
ent pH. The optimal pH {for butanol production by
Clostridium acetobutvlicum mutant 1n the present mvention
was 6.5. This 1s 1n accordance to the findings of Robson and
Jones (1982), who reported that C. acetobutvliicum P262
showed good levels of solvent production within the pH range
of 5.0-6.5. Similarly, Bielbl (1999) reported that Clostridium
beijerinkii NCIMB 80352 showed much better growth and
solvent production at pH 5.5 than at pH 5.0 or below.

Another important factor that affects both growth and
growth-associated production of molecules 1s temperature. In
the present invention 1t was found that at optimal growth
temperatures higher yield of butanol was produced for mutant
MTCC 35387. This 1s in contrast to the earlier findings of
McCutchan and Hickey (1954) who reported a decrease (upto
23%)1n the solvent production by Clostridium sp.at 37° C. as
against the fairly constant yields of 31% at 30 and 33° C.

It 1s well established that amongst the nutritional param-
eters, carbon source 1s one of the very important factors that s
responsible for cell growth and biomolecule production
(Samulov et al, 1991). In the present invention, the primary
carbon source used was the sugar obtained after the hydroly-
sis of the biomass. However, to further enhance the cell
growth and the production of butanol, glucose at different
concentration (0-2%) was added to the hydrolysate. Results
showed that the addition of glucose (2%) to the hydrolysate of
acid pretreated jatropha seed cake (7%), supported butanol
production up to 14.3 g/ in 120 h 1n 125 ml anaerobic vials.
However, when no glucose was added, very low fitre of
butanol (4.2 g/I.) was obtained. These results are 1n agree-
ment with the findings of Parekh et al. (1998) who reported
that corn steep water (CSW ) medium alone was not a suitable
substrate, whereas addition of glucose (6%) supported
growth and butanol production. The effect of the nutrition
limitation on the onset and maintenance of solvent production
has been mvestigated by a several other workers as well. For
example Long et al. (1984 ) reported that 1n the batch fermen-
tation using Clostridium acetobutylicum P262, only acids
were produced when the concentration of the carbon sources
was limited. Besides, jatropha seed cake 1s known to be toxic
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due to presence of phorbol esters. Therelore, jatropha seed
cake hydrolysate alone may not be conducive for the growth
of the organism and butanol production.

As discussed earlier, butanol toxicity also 1s an important
factor that affects production of butanol, this butanol toxicity
1s due to 1ts localization 1n the plasma membrane resulting 1n
disruption of a number of physiological processes including
membrane permeability, solute transport, maintenance of
proton motive force, conformation and activity of intrinsic
membrane proteins (Sikkema et al., 1993). Solvent tolerant
bacteria evade these reactions by cellular adaptations 1includ-
ing altered membrane lipid composition, efflux system that
actively decreases the solvent concentration inside the cell,
degradation of solvents or over-expressing stress proteins
such as heat shock proteins (HSPs) (Tomas et al, 2003, 2004 ).

One of the factors that have played a pivotal role in the
present invention 1s achieving high titre of butanol by a single
step process without resorting to any solvent stripping or
dilution of the broth 1s the solvent tolerating ability of the
mutant strain. To nvestigate the mechanism behind the tol-
erance, latty acid composition of the total lipids was deter-
mined. A high proportion of saturated fatty acids C14:0 and
C16:0 in mutant as compared to C18:1 1n wild type 1s indica-
tive of stimuli-driven alteration of lipid composition for sur-
vival.

Baer et al. (1987), reported that by synthesizing an
increased amount of saturated fatty acids, mutant SA-1 of
Clostridium acetobutylicum ATCC 824 developed a mecha-
nism for combating the butanol stress.

Another finding was the ability of the mutant strain to
accumulate increased amount of rhodamine 6G as compared
to the wild type. This indicated the existence of a tolerance
mechanism to toxic compounds viz. n-butanol which 1s in
concurrence with Lazaroaie’s (2009) report on the mecha-
nism nvolved 1n organic solvent resistance in gram negative
bacteria.

The mutant Clostridium strain used 1n the present invention
has shown tolerance to 3.5% butanol. The most probable
reason for 1ts high tolerance to butanol may be that the chemi-
cal mutagenesis induced genetic alteration of the Clostridium
strain and process optimization which resulted in the final set
of physio-chemical conditions thereby overcoming the draw-
backs of the processes cited in the public domain. For
example, while the wild type strain barely produced any
butanol, the mutant produced 4-5 g/L of butanol 1n a nutrient
rich complex medium under unoptimised conditions. Subse-
quently, after optimization 1n a medium containing jatropha
seed cake as depicted 1n Table 1, the mutant produced 14.3
g/, of butanol; a 3-fold increase.

Further studies on utilization of various biomass for
butanol production using the conditions described above was
performed. In particular, the biomass studied was jatropha
seed cake, porngamia seed cake and banana stem. All the three
types of biomass were subjected to acid hydrolysis and the
total reducing sugar levels were estimated by dinitro salicylic
acid method.

Deoiled jatropha seed cake and pongamia seed cake were
dried and ground to fine powder. Different concentrations of
the finely ground seed cake were treated with 1-3% HC1 or
H,S0, for 1-3 h at temperatures above 100° C. After acid
treatment, the slurry was filtered using a muslin cloth and the
filtrate was neutralized using NaOH. These acid pretreated
filtrates were supplemented with AnS media. The pH of the
medium was adjusted between 6-7 using cone. H,S0, or
NaOH. On using jatropha seed cake hydrolysate as the sole
carbon source, the butanol titre was very poor with maximum
o1 4.2 g L in bottle containing 7% jatropha seed cake hydroly-
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sate. Similarly, with 7% pongamic seed cake hydrolysate
alone, a titre of 2.4 g/LL. was achieved. This indicated that for
successiul butanol fermentation to ensue, additional source of
carbon needs to be supplemented. Addition of increasing
amount of glucose led to corresponding increase 1n the titre
(Table 1 and 2) for both jatropha and pongamia hydrolysates.
A titre of 14.3 g/ of butanol was produced in the AnS
medium having 7% jatropha hydrolysate having 2% glucose

in 120 h (Table 1). Whereas, with 2% glucose and 7% pon-
gamia hydrolysate, 8.7 g/LL of butanol was produced (Table
2).

Experiments were also done on banana stems. The banana
stems were cut into small pieces, sun dried and finely pow-
dered. Different concentrations of the finely ground seed cake
were treated with 1-3% HCI1 or H,SO, for 1-3 h at tempera-
tures above 100° C. After acid treatment, the slurry was
filtered using a muslin cloth and the filtrate was neutralized
using NaOH. These acid pretreated filtrates were supple-
mented with AnS media. The pH of the medium was adjusted
to between 6-7 using conc. H,SO, or NaOH. Banana stem
hydrolysate could support butanol production without addi-
tional carbon source supplement and a titre of 9.1 g/LL was
achieved at 10% hydrolysate concentration. However, forti-
fication with 2% glucose along with the banana stem hydroly-
sate boosted the titre to 18.0 g/LL of butanol (Table 3).

Feedstocks like jatropha seed cake and pongamia seed
cake used 1n the present invention are rich in lignin content.
Jatropha seed cake comprises of 29.1% lignin and 15.9%
cellulose. Lignin 1s a complex polymer of phenyl propane
units, which are cross-linked to each other by different chemai-
cal bonds. It 1s particularly difficult to biodegrade, and
reduces the bioavailability of the other cell wall constituents.
It 1s the most recalcitrant component of the plant cell wall; the
higher the proportion of lignin, the lower the bioavailability

of the substrate (Sjostrom, 1993).
On the other hand, banana stem consists of 63.9% cellulose

and 12.3% lignin. Cellulose 1s a polysaccharide and 1s easily
hydrolysable (Zainol and. Rehman, 2008). Therefore, effi-

cient methods of pretreatments are required for the hydrolysis
of the lignin component of these feedstocks.

In the present invention, we have carried out the acid
hydrolysis of two lignocellulosic feedstocks such as pon-
gamia and jatropha seed cake (at concentration 2%, 5%, 7%,
10%) for sugar hydrolysis along with the cellulosic biomass
1.¢. banana stem. Although maximum sugar was obtained 1n
banana stem hydrolysate (at 10% concentration), detailed
studies were performed only on jatropha seed cake hydroly-
sate due to 1ts ready availability. Upon acid hydrolysis of
different concentrations of jatropha seed cake, maximum
amount (17.2 g/L.) of reducing sugars could be obtained from
1% jatropha seed cake.

The following examples are included to demonstrate pre-
terred embodiments of the invention. It should be appreciated
by those of skill in the art that the techniques disclosed 1n the
examples which follow represent techniques discovered by
the inventor to function well 1n the practice of the invention,
and thus can be considered to constitute preferred modes for
its practice. However, those of skill 1n the art should, in light
of the present disclosure, appreciate that many changes can be
made 1n the specific embodiments which are disclosed and
still obtain a like or similar result without departing from the
spirit and scope of the invention.

EXAMPLE 1

Orgamism and Growth Conditions

Clostridium acetobutylicum ATCC 4259 was grown in 125
ml bottles containing 50 ml of the Anaerobic Sugar (AnS)
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medium having a composition (g/L): glucose, 20; peptone,
10; yeast extract, 5.0; K,HPO,, 3.0; NaCl, 1.0; (NH,),S0,,
1.0; CaCl,2H,0, 0.2; Mg(Cl,.6H,0, 0.2; and Na,C0,, 1.0 and
pH was adjusted to 6.3.

The headspace was purged with N,, and Na,S.9H,0
(0.02% (w/v)) was added to remove traces of dissolved oxy-

gen (Samuelov et al, 1991; Lee et al, 2000). The glass bottles
were sealed with butyl rubber caps and sterilized for 10 min at

121° C. The sterile medium was moculated with 1-3% (v/v)
seed culture and incubated at 37° C. for 132 h with intermit-
tent gentle shaking.

EXAMPLE 2

Mutation Studies

Chemical mutagenesis was carried out using MNNG
(1-methyl-3-nitro-1-nitrosoguanidine). Alternate thioglyco-
late (AT) media was oculated with C. acetobutviicum
ATCC 4259 from the stab culture. After 12 h growth at 37° C.,
the culture was harvested and centrifuged. The cell pellet was
washed with 2 ml citrate butler (pH 35.8) and 100 ul of MNNG
(stock solution 100 mg/ml prepared in sterilized distilled
water) was added to the cells, incubated at 30° C. for 70 min.
The mutagenised cell mass was centrifuged and the superna-
tant discarded appropriately in biohazard containers. The
cells were washed twice with AT broth and resuspended 1n 1

ml AT broth. The mutants were screened on AT agar plates
containing 13 g/ butanol and incubated at37° C. for 12-16 h.

EXAMPLE 3

Tolerance and Growth Profile of Butanol Tolerant
Mutant

Mutants tolerant to 1.3% butanol were further screened for
tolerance to higher concentration of butanol on AT agar
medium containing (v/v) viz. 1.5%, 1.8%, 2.0%>, 2.5%) and
3.0%) butanol. One mutant growing on 3.0%> butanol con-
taining AT agar medium plate was transierred to sealed 1235
ml bottles containing 50 ml of AT medium having various
amounts of butanol viz. (v/v) 2.0% o, 2.5%, 3.0% and 3.5%.
The tolerance and growth profile of the mutant was monitored
with respect to time.

The wild type strain C. acetobutylicum ATCC 42359 could
tolerate up to 1.5% butanol in the medium beyond which there
was cessation of growth. Whereas, the mutant strain C. aceto-
butvlicum MTCC 5387 could tolerate up to 3.5% (v/v)
butanol 1n the AT medium (FI1G. 1). The growth at these levels
of butanol was extremely slow and feeble due to the toxicity
of the solvent. At higher concentrations 1.e. 3.8% and 4%,
there was no growth. The mutant has been deposited in
Microbial Type Culture Collection, Chandigarh, India under
the Budapest treaty and designated the number MTCC 3587.

EXAMPLE 4

Extraction of Lipids and Analysis

Total lipids were extracted from the cells as described in
(Baer et al. 1987). The lipids were transesterified and FAMEs
were analyzed by GC.

Total lipids of the wild type and the solvent tolerant mutant
strain were extracted and analysed by GC. The lipid compo-
sition of the mutant, C. acetobutyvlicum MTCC 3587 was
found to be altered as compared to the wild type strain. The

GC profile (FIG. 2B) showed the presence of the saturated
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fatty acids, viz. myristic (C14:0) and palmitic acid (C16:0)
comprising about 50% of total fatty acids 1n the solvent tol-
crant strain with only traces of unsaturated fatty acids.
Whereas, 1n the wild type, the unsaturated fatty acid, oleic
acid (C18:1) was abundant constituting about 75% of total
fatty acids and the saturated fatty acids were 1n significantly

lower quantities (11% of C16:0) (FIG. 2A).

EXAMPLE 5

Rhodamine 6(G Accumulation

Cells of overnight culture of wild type and solvent-tolerant
mutant C. acetobutvlicum MTCC 3387 were spotted on AT
agar with or without rhodamine 6G (100 png/ml) and 1ncu-
bated at 37° C. in anaerobic chamber for 24 h. Accumulation
of rhodamine 6G was monitored under UV light (Lazaroaie,
2009).

After 24 h incubation on a plate containing the toxic dye
Rhodamine 6G, the mutant strain was found to have high
accumulation of rhodamine 6G intracellular”™ appearing as
pink colony (FIG. 3). Whereas the colony of the wild type
strain was faint pink with comparatively lower dye accumu-
lation. This indicates the existence of tolerance mechanism to
toxic compounds such as butanol 1n the mutant strain.

EXAMPLE 6

Process Optimization 1n Batch Fermentation

All optimization experiments were carried out 1 50 ml
AnS medium in 125 ml bottles. Different biomass viz. jatro-
pha seed cake, banana stem and porgamia seed cake were
subjected to acid hydrolysis as described below. All experi-
ments were carried out at least thrice to ensure reproducibil-

1ty.
EXAMPLE 7

Acid Hydrolysis of Different Feedstocks

a. Jatropha Seed Cake and Pongamia Seed Cake

Deoiled jatropha seed cake and pongamia seed cake were
dried and ground to fine powder. Different concentrations of
the finely ground seed cake were treated with 1-3% HC1 or
H,S0, for 1-3 h at temperatures above 100° C. After acid
treatment, the slurry was filtered using a muslin cloth and the
filtrate was neutralized using NaOH. These acid pretreated
filtrates were supplemented with AnS media. The pH of the
medium was adjusted to 6.5 using conc. H,S0, or NaOH.

b. Banana Stem

Banana stems were cut into small pieces, sun dried and
finely powdered. Different concentrations of the {finely
ground banana stems were pretreated in the same way as
described for the jatropha and pongamia seed cake.

All the three types of biomass were subjected to acid
hydrolysis and the total reducing sugar levels were estimated
by dinitro salicylic acid method. On using jatropha seed cake
hydrolysate as the sole carbon source, the butanol titre was
very poor with maximum of 4.2 g/ in bottle containing 7%

Jatropha seed cake hydrolysate. Similarly, with 7% pongamia

seed cake hydrolysate alone, a titre of 2.4 g/L. was achieved.
This indicated that for successtul butanol fermentation to
ensue, additional source of carbon needs to be supplemented.

Addition of increasing amount of glucose led to corre-
sponding increase 1n the titre (Table 1 and 2) for both jatropha
and pongamia hydrolysates. A titre o1 14 .3 g/L. of butanol was
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produced in the AnS medium having 7% jatropha hydroly-
sate having 2% glucose 1n 120 h ('Table 1). Whereas, with 2%

glucose and 7% pongamia hydrolysate, 8.7 g/I. of butanol
was produced (Table 2).

Banana stem hydrolysate could support butanol production
without additional carbon source supplement and a titre” of
9.1 g/l was achieved at 10% hydrolysate concentration.
However, fortification with 2% glucose along with the banana

stem hydrolysate boosted the titre to 18.0 g L of butanol
(Table 3).

TABL

(L]

1

Butanol production (g/L) at different ratio of
glucose and jatropha seed cake hydrolysate

Jam:;-pka seed cake concentration

Glucose (%) 2% 5% 7% 10%

0 2.0 3.2 4.2 3.9

0.5 5.2 6.4 8.9 3.1

1.0 7.1 8.9 10.8 10.2

1.5 8.5 10.1 12.2 12.0

2.0 9.1 12.8 14.3 13.8
TABLE 2

Butanol production (g/L) at different ratio
of glucose and Porgamia cake hvdrolysate

Pongeamia seed cake concentration

Glucose (%) 2% 5% 790 10%0

0 1.4 1.9 2.4 2.0
0.5 3.3 4.0 4.9 4.3
1.0 4.9 5.8 6.2 6.0
1.5 6.0 7.0 8.0 8.1
2.0 6.6 7.9 8.7 8.4
TABLE 3
Butanol production (g/L) at different ratio
of glucose and banana stems hydrolysate.
Banana stem concentration
Glucose (%) 2% 5% 7% 10%
0 2.7 3.4 5.3 9.1
0.5 5.5 8.9 9.6 10.7
1.0 7.8 11.6 12.4 13.8
1.5 10.3 12.2 15.%8 17.8
2.0 11.6 13.7 16.9 18.0
EXAMPLE 8

Estimation of Butanol and Residual Sugar

The culture supernatant was analyzed for butanol by HPLC
on PRP 300x column (Hamilton) with acetonitrile and 0.5
mM H,S0, (1:9) as the mobile phase at a flow rate of 1.5
ml/min using RI detector. Butanol elutes at a retention time of
7.3 min. Residual sugar in the fermentation medium was

estimated by dinitro salicylic acid method (Tasun and Ghen,
1970).
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EXAMPLE 9

Validation of Production Process 1in 500 ml
Anaerobic Bottles

Butanol production in the optimized medium was vali-
dated at 300 ml scale 1n a 500 ml bottle. The fermentation was
carried out for 132 h and butanol production was estimated.
Validation of the process at 300 ml scale 1n 500 ml bottles
resulted in 14.8 g/L of butanol in 96 h in AnS medium having
7% jatropha seed cake hydrolysate and 2% glucose.

EXAMPLE 10

Scale Up of the Process to 15 LL

Under the optimized conditions, scale up of the butanol
production was carried out in a 20 L bioreactor with a work-
ing volume of 15 L. Fermentation was carried out for 108 h at
3’7° C. with constant agitation at 150 rpm. The mitial pH ot the
medium was set at 6.5. Foaming was controlled by adding
silicon antifoam agent. Anaerobiosis was maintained
throughout the experiment by flushing N, gas constantly into
the medium at a rate of 0.5 L/min through a sterile filter.
Samples were collected at regular time interval of 12 h and
processed for estimation of residual sugar, pH and butanol
concentration in the fermentation broth.

The process was further scaled up to 15 L level na 20 L
bioreactor using 7% (w/v) Jatropha seed cake and 2% glu-
cose. A butanol titre of 18.6 g/IL was achieved 1n 72 h (FIG. 4
and FIG. 5). The mitial sugar was 44 g/L. and the final sugar
was 4 g/ (FIG. 5). The typical buttertly shift could be
observed when the acidogenic phase declined and solvento-
genic phase commenced.

EXAMPLE 11

Hstimation of the Ratio of Acetone, Butanol and
Ethanol

The ratio of the solvents produced during the ABE fermen-
tation process was analyzed by HPLC on Rezex organic acid
column using 0.1 N H,S0, as the mobile phase at a flow rate
of 0.6 ml/min using RID detector. Analysis of the fermenta-
tion broth on the Rezex organic acid HPLC column revealed
that the ratio of acetone:butanol:ethanol was 2.6:6.6:0.8,
similar to the ratio obtained 1n a.typical ABE fermentation.
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Thus, while we have described fundamental novel features
of the invention, 1t will be understood that various omissions
and substitutions and changes in the form and details may be
possible without departing from the spirit of the invention.
For example, 1t 1s expressly intended that all combinations of
those elements and/or method steps, which perform substan-
tially the same function in substantially the same way to
achieve the same results, be within the scope of the invention.

We claim:

1. A mutant strain C. acetobutviicum, MTCC 5587
obtained by the chemical mutation of a wild strain of C.
acetobutyvlicum, ATCC 4259 and having an increased toler-
ance to butanol as compared to said wild strain.

2. A process of obtaining the mutant strain C. acetobutyli-
cum, MTCC 5587 by chemical mutagenesis of C. acetobu-
tvlicum ATCC 4259 comprising:

innoculating C. acetobutvlicum ATCC 4259 culture with

an alternate thioglycolate (A1) media for 10 to 14 hours
at a temperature 1n the range of 35 to 40 C;

centrifuging said culture to obtain a first cell pellet;

washing said first cell pellet with a citrate butler;

decanting said citrate buffer and adding 80 to 120 ul of
MNNG  (1-methyl-3-nitro-1-mitrosoguamdine), {fol-
lowed by incubation at 27 to 32° C. for 50 to 90 minutes
to obtain a mutagenised cell mass;

centrifuging said mutagenised cell mass to obtain a second

cell pellet;

washing said second cell pellet at least once with an alter-

nate thioglycolate broth to obtain a cell culture;

screening said cell culture on AT agar plates containing 13

g/, butanol for 12 to 16 hours at 37° C. to obtain said
mutant strain C. acetobutylicum, MTCC 5587.

3. The mutant strain of claim 1, having a butanol tolerance
in the range of 1.5% to 3.5% as compared to said wild strain.

4. The mutant strain of claim 1, wherein the butanol toler-
ance 1s associated with imcreased membrane saturated fatty
acid content in the range of 4 to 5% as compared to said wild
strain.

5. The mutant strain of claim 1, wherein the butanol toler-
ance 1n the mutant strain C. acetobutvlicum, MTCC 3587 1s
associated with an increased tolerance to toxic compounds as
compared to said wild type.

6. The mutant strain of claim 5, wherein said toxic com-
pound 1s Rhodamine 6G.

7. A process for production of high yield of butanol from a
pretreated biomass using the mutant strain C. acetobutyvlicum,
MTCC 5387 having enhanced butanol tolerance, said process
comprising fermentation of said pre-treated biomass 1n the
presence ol a nutrient medium.

8. The process of claim 7, wherein said biomass 1s selected
from the group consisting of a banana stem, porngamia seed
cake and Jatropha seed cake.

9. The process of claim 7, wherein said nutrient medium 1s
supplemented with sugar.

10. The process of claim 9, wherein said sugar 1s glucose
having 2% concentration.

11. The process of claim 7, wherein said fermentation 1s
carried at a temperature ranging between 33 and 37° C.

12. The process of claim 7 includes further comprising a
step of subjecting said pretreated biomass to an acid treatment
using 1% to 3% of concentrated hydrochloric acid or sulturic

acid above 100° C. for 1 to 5 hours.
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13. The process of claim 12, further comprising a step of
neutralization of said acid treated biomass using sodium
hydroxide.

14. The process as claimed 1n claim 7, wherein the butanol
tolerance of said mutant strain C. acetobutylicum, MTCC
5587 1s enhanced from 1.5% to 3.5% as compared to the wild
strain C. acetobutylicum, AT CC 4259.

15. The process of claim 7, wherein the yield of butanol 1s
up to 19 g/LL at 15 L scale using jatropha seed cake hydroly-
sate.

16. The process of claim 7, wherein the yield of butanol 1s
up to 18.0 g/LL using banana stem hydrolysate at 50 ml scale.

17. The process of claim 7, wherein the yield of butanol 1s
up to 14.3 g/L using jatropha seed cake hydrolysate at 50 ml
scale.

18. The process of claim 7, wherein said process vyields
solvents 1n the ratio 01 2.6:6.6:0.8 of acetone:butanol:ethanol,
similar to the ratio obtamned in a typical ABE (Acetone,
butanol ethanol) fermentation.
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